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Summary 34 
1. Range maps represent the geographic distribution of species, they are commonly used to 35 
determine species coverage within protected areas and to find additional places needing protection. 36 
However, range maps are characterized by commission errors, where species are thought to be 37 
present in locations where they are not. When available, habitat suitability models can reduce 38 
commission errors in range maps, but these models are not always available. Adopting a coarse 39 
spatial resolution is often seen as an alternative approach for reducing the effect of commission 40 
errors, but this comes with poorly explored conservation trade-offs. 41 
2. Here we characterize these trade-offs by identifying scenarios of protected area expansion 42 
for the world’s threatened terrestrial mammals under different resolutions (10 km to 200 km) and 43 
distribution data deriving from range maps and habitat suitability models. 44 
3. We found that planning new protected areas using range maps results in an overestimation 45 
of the species protection level if compared to habitat suitability models (which are more closely 46 
related to species presence). This overestimation increases when more area is selected for protection 47 
and is higher when higher spatial resolutions are employed. 48 
4. Adopting coarse resolutions reduced the overestimation of species protection and also 49 
halved the spatial incongruence between protected areas prioritized from range maps or habitat 50 
suitability models. However, this came at a very high cost, with an area of up to four times greater 51 
(12 M km2 vs. 3 M km2) needed to adequately protect all species. 52 
5. Synthesis and applications. Our findings demonstrate that adopting coarse resolutions in 53 
protected are planning results in unsustainable increases in costs, with limited benefits in terms of 54 
reducing the effect of commission errors in species range maps. We recommend that, if some level 55 
of uncertainty is acceptable to practitioners, using range maps at resolutions of 20–30 km is the best 56 
compromise for reducing the effect of commission errors while maintaining cost-efficiency in 57 
conservation analyses. 58 
 59 
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Introduction 64 
Conservation efforts at all scales are influenced by the knowledge of where species are distributed 65 
(Margules & Pressey 2000; Whittaker et al. 2005). Maps of the distribution of species are 66 
commonly used to determine their coverage within protected areas, and to find where new protected 67 
areas need to be placed (Watson et al. 2014; Venter et al. 2014; Butchart et al. 2015). These maps 68 
are also used to determine local-scale priorities for conservation actions (Wilson et al. 2007; 69 
Carwardine et al. 2008b). Similarly, the investigation of macroecological patterns is necessarily 70 
based on our knowledge of past and present species distributions (Orme et al. 2006; Di Marco & 71 
Santini 2015; Faurby & Svenning 2015). 72 
 Long-standing debate has focused on the most appropriate methodologies to follow for 73 
creating and using distribution maps in conservation and ecological analyses (Rondinini et al. 2006; 74 
Gaston & Fuller 2009; Guisan et al. 2013; Joppa et al. 2015). In addition, recent international 75 
commitments to expand the global protected area (PA) network (Watson et al. 2014) are stimulating 76 
ever increasing research on the use of species distribution maps to inform PA expansion (McCarthy 77 
et al. 2012; Montesino Pouzols et al. 2014; Venter et al. 2014; Butchart et al. 2015). Underpinning 78 
much of this work are geographic ranges, or simply ‘ranges’, mapped by the Red List of the 79 
International Union for Conservation of Nature (IUCN). These are the most comprehensive 80 
(taxonomically and geographically) data on the global distribution of tens of thousands of species 81 
(IUCN 2015). These maps have been repeatedly used in global and regional conservation analyses, 82 
often to identify gaps in PA coverage and priorities for PA expansion (Rodrigues et al. 2004; 83 
Venter et al. 2014).  84 
Despite the increasing completeness and availability of species range datasets, our 85 
knowledge of the geographical distributions of species remains inadequate (Whittaker et al. 2005; 86 
Pimm et al. 2014). A key issue is that range maps are coarse representations of species 87 
distributions, and they are particularly prone to commission errors, where species are thought to be 88 
present in locations where they are actually absent (Rodrigues et al. 2004; Rondinini et al. 2006; 89 
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Jetz, Sekercioglu & Watson 2008). This issue can have significant impacts on how conservation 90 
priorities are set. Commission errors can result in an overestimation of PA coverage for some 91 
species, and can lead to the identification of priority areas that do not actually contain the species 92 
that triggered the priority listing. In addition, overestimating species distributions can result in an 93 
overoptimistic assessment of their extinction risk if the actual ranges are substantially smaller than 94 
expected. Range maps are also prone to omission errors, i.e. overlooking areas which are actually 95 
occupied by the species. However these errors are not analyzed here, since they are mostly relevant 96 
for groups with localized distributions, such as amphibians, and their influence in conservation 97 
assessments has already been discussed elsewhere (Ficetola et al. 2014).  98 
  Two main approaches have been adopted to deal with commission errors when using species 99 
range maps: i) performing analyses at a coarse resolution, and ii) using refined habitat suitability 100 
models. In the first case, coarse grid resolutions are used, e.g. 1 or 2 degrees (Hurlbert & Jetz 2007), 101 
to reduce the probability of including unoccupied grid cells as part of a species’ distribution. This is 102 
not in itself a solution to the problem, rather it is a way to minimize its effects. A wide spectrum of 103 
spatial resolutions are still commonly employed for analyzing species range maps, with the most 104 
common values ranging from 10 km (Wilson et al. 2011) to 200 km (Hurlbert & Jetz 2007) grid 105 
cells. This heterogeneity in resolution has important theoretical and practical conservation 106 
implications. In the second case, commission errors are reduced by removing unsuitable habitat 107 
from species range maps, using expert-based or statistically derived relationships between species 108 
presence and environmental characteristics (Rondinini, Stuart & Boitani 2005; Jetz, Wilcove & 109 
Dobson 2007). This way, the likelihood of including unoccupied areas in a conservation plan can be 110 
much reduced, thus minimizing the likelihood of commission errors.  111 
 Habitat suitability models, or extensive survey data (Di Marco et al. 2016), are not always 112 
available, therefore  coarse spatial resolutions are often employed when using range maps suffering 113 
from commission errors (Hurlbert & Jetz 2007). The effect of changing resolution when using range 114 
maps for analyzing macroecological patterns (such as species richness) has been investigated 115 
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(Rahbek 2005; Pineda & Lobo 2012). Similarly, the effect of overestimating species ranges due to 116 
commission errors has been assessed at different scales (Jetz, Sekercioglu & Watson 2008). 117 
However, the trade-off associated with the use of different spatial resolutions and how these are 118 
influenced by different species distribution proxies (e.g. habitat models vs range maps) is yet to be 119 
investigated in the context of conservation planning. Assessing this trade-off will allow 120 
conservation decision makers to better navigate the decision between increasing the efficiency of a 121 
conservation plan, by performing analyses at a fine resolution, versus reducing uncertainty in the 122 
use of range maps with commission errors, by performing analyses at a coarse resolution. After 123 
decades of development of species distribution maps, guidelines of how to use these maps for 124 
conservation planning are still missing.  125 
 We measured the effect of different spatial resolutions on the identification of priority areas 126 
for PAs expansion, using different distribution proxies - IUCN range maps and habitat suitability 127 
models - to measure species coverage within PAs. We employed analytical resolutions ranging from 128 
10km to 200km (Fig. 1), which are typically used in global conservation and ecological analyses 129 
(Ceballos et al. 2005; Hurlbert & Jetz 2007; Carwardine et al. 2008a; Wilson et al. 2011; Venter et 130 
al. 2014). We focused our analyses on threatened terrestrial mammals, since both distribution data 131 
types (ranges and habitat models) are comprehensively available for this group and they represent, 132 
together with birds, the taxonomic group attracting the most attention in conservation science (Clark 133 
& May 2002; Lawler et al. 2006), providing a good study case for other groups. We identified 134 
priority areas for PA expansion using a conservation planning approach, where our aim was to find 135 
the minimum set of additional area to be protected in order to achieve an adequate level of coverage 136 
for all species. 137 
 138 
 139 
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Materials and methods 140 
Distribution data 141 
We analysed distribution data for 1,115 (99.5%) species of threatened terrestrial mammals with 142 
available distribution information. Following previous studies (Venter et al. 2014), we focused our 143 
analyses on threatened species, because these are the species of highest conservation concern and 144 
typically targeted by international conventions (Secretariat of the CBD 2010). 145 
 We obtained geographic range maps from the IUCN Red List (IUCN 2015) and habitat 146 
suitability models from the Global Mammal Assessment program 147 
(https://globalmammal.org/habitat-suitability-models-for-terrestrial-mammals/). IUCN range maps 148 
represent the global distribution of species and include all areas where a species is found to occur 149 
permanently or periodically. Following previous works (Venter et al. 2014; Butchart et al. 2015), 150 
we removed areas where species exist outside their native ranges, and areas where species were 151 
considered to be extinct (i.e. areas that were part of the historical range but not part of the current 152 
range). 153 
 Range maps can include areas which are unable to sustain viable populations and are only 154 
used occasionally by the species (e.g. during dispersal movements). In contrast, expert-based habitat 155 
suitability models are deductive classifications of species habitat requirements, based on 156 
information retrieved from the literature, and allow the identification of suitable and unsuitable 157 
areas within the species ranges. The habitat suitability models used in our study were described in 158 
Rondinini et al. (2011), who employed a systematic classification of the species’ habitat preferences 159 
reported in the IUCN Red List database (IUCN 2015). The models were based on: species’ 160 
preferences for land cover type and their tolerance to human settlements, mapped using Globcover 161 
(Bontemps et al. 2011); species’ altitudinal limits, mapped from the Shuttle Radar Topography 162 
Mission elevation (USGS 2006); species’ relationship with water bodies, mapped from Globcover 163 
and Vmap0 (National Imagery and Mapping Agency 1997). For 102 species in our sample (<9%) 164 
the entire range was considered suitable because they had a geographical range smaller than 100 165 
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km2 (n=83), which also corresponds to the smallest planning units size adopted in our spatial 166 
prioritization analysis (see below), or because the information on habitat preferences was missing 167 
(n=19) (Rondinini et al. 2011). 168 
 We used the July 2015 version of the World Database on Protected Areas to measure the 169 
current level of species coverage within PAs (IUCN & UNEP-WCMC 2015). We considered all 170 
designated terrestrial PAs associated to an IUCN category of management (from I to VI). These 171 
included areas with a defined spatial shape (n=125,430) and areas represented as buffered centroids 172 
(n=11,997). All spatial maps (ranges, habitat suitability models and protected areas) were initially 173 
rasterized at a 300 m resolution, i.e. the native resolution of habitat suitability models. The maps 174 
were subsequently resampled at coarser analytical resolutions, using cell sizes typically employed 175 
in global-scale analyses: 10 km, 20 km, 30 km, 50 km, 100 km and 200 km. To resample the data at 176 
a coarser resolution, we measured the proportional species occupancy of each grid cell by 177 
overlapping high-resolution maps of species distribution, and obtained continuous values ranging 178 
from 0 km2 to the maximum of the cell size; a graphical representation of the resampling process is 179 
provided in Fig. 1. We also tested the effect of using a binary, rather than continuous, resampling 180 
technique, where each cell was considered to be either occupied or not  (Ceballos et al. 2005). In 181 
this case, we set a minimum threshold of 5% of the cell overlapping with a species’ distribution 182 
map in order for it to be considered occupied, to exclude marginal overlaps from the analyses 183 
(Figure 1h). 184 
 All spatial analyses were performed in a Mollweide equal-area projection, with the software 185 
GRASSGIS (GRASS Development Team 2014). 186 
 187 
Spatial prioritization analysis 188 
We defined global grids at various resolutions (from 10 km to 200 km, described above) and 189 
resampled the distribution of species and PAs in each grid cell. For each grid cell, we measured the 190 
extent of species’ geographic range and the extent of species’ suitable habitat (including both 191 
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medium and high suitability; (Rondinini et al. 2011)), within and outside of PAs. In this way we 192 
were able to measure the total extent of protected and unprotected species distribution. We used the 193 
total distribution of species to calculate representation targets, following Rodrigues et al. (2004) and 194 
subsequent applications (Venter et al. 2014; Butchart et al. 2015), according to the following 195 
formulation:  196 
ܶܽݎ݃݁ݐ =  ܯܣܺ(0.1, ܯܫܰ(1, −0.375 ∗ ݈݋݃10(ݎܽ݊݃݁ ݏ݅ݖ݁) + 2.126)) 197 
Widespread species with a global geographic range larger than 250,000 km2 were assigned a fixed 198 
target of 10%. Small-ranged species with a global geographic range smaller than 1,000 km2 were 199 
assigned a fixed target of 100%. Intermediate-ranged species were assigned a target value which 200 
was log-linearly interpolated between the two thresholds. The current PAs coverage was used to 201 
calculate the shortfall between current level of protection and the desired level of protection 202 
(represented by the targets). 203 
 We performed global-scale spatial prioritization analyses to identify the places where the 204 
shortfall in current levels of species protection could be covered with a minimal additional area. We 205 
used Marxan (Ball, Possingham & Watts 2009), a spatial prioritization software, to identify spatial 206 
priorities for PAs expansion. We treated grid cells as planning units, and let the new PAs be 207 
selected only among the unprotected portion of each grid cell. For each scenario and for each 208 
resolution (described below), we performed one Marxan run with one billion iterations and no 209 
boundary length modifier (Venter et al. 2014). We then defined a coverage curve by incrementally 210 
expanding the global PA network up to x km2, where x is the total area required to achieve adequate 211 
PA coverage for all species (and x is different for different resolutions). For each increment, we 212 
measured the aggregate proportion of representation targets met, which we referred to as ‘species 213 
coverage’. We also measured the level of spatial overlap between the priority areas identified under 214 
the three scenarios, at various resolutions (fine to coarse). 215 
 216 
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Scenarios setting     217 
We defined three analytical scenarios, based on the use of habitat suitability models and geographic 218 
range maps to represent species distributions (Table 1). In the first scenario, “perceived coverage”, 219 
we used range maps to identify priority sites for PAs expansion and to measure the achievement of 220 
species targets. We considered this coverage as “perceived”, as opposed to “realized” (see below), 221 
because the presence of commission errors in range maps may result in an overestimation of the 222 
actual level of species coverage achieved. This is the scenario typically employed in global-scale 223 
spatial prioritization analyses (Rodrigues et al. 2004; Montesino Pouzols et al. 2014; Venter et al. 224 
2014; Butchart et al. 2015). 225 
 In the second scenario, “realized coverage”, we used range maps to identify priority sites for 226 
PAs expansion and habitat suitability models to measure the achievement of species targets. We 227 
considered this coverage as “realized”, because only the areas where the species is expected to 228 
occur are considered when measuring targets achievement. This corresponds to an evaluation of the 229 
actual coverage achieved (in terms of represented suitable habitat) when employing a coarse 230 
distribution proxy such as geographic range. 231 
 In the third scenario, “suitable coverage”, we used habitat suitability models to identify 232 
priority sites for PAs expansion and to measure the achievement of targets. In this case, the priority 233 
sites for PA expansion are directly targeted to the representation of suitable habitat. This scenario is 234 
equivalent to targeting the areas where a species is most likely to occur, and measure PAs coverage 235 
only for these areas. 236 
 For each of the three scenarios, and for each separate resolution settings, we defined curves 237 
of the relationship between area covered and cumulative levels of species targets achieved (which 238 
we refer to as “species coverage”). We also compared these scenarios with a 'random coverage' 239 
scenario, representing a null model of protected area expansion where no knowledge of species 240 
distribution is assumed. In this case, planning units were selected at random to achieve the same 241 
cumulative levels of protected area expansion as for the realized scenario. To represent the coverage 242 
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achieved under this scenario, we defined 100 random planning unit samples for each cumulative 243 
level of protected area expansion and extracted the median coverage across all the samples. 244 
 245 
Sensitivity testing  246 
We verified the sensitivity of our results to alternative settings of the spatial resampling procedure 247 
and spatial prioritization analysis. In our analyses, we associated fine-grain information to each grid 248 
cell, in the form of proportional distribution data (i.e. proportion of species range within each grid 249 
cell). An alternative, and less time-consuming, approach would be to reclassify all data as binary 250 
presence/absence values, especially when coarse resolutions are adopted. To test the effects of this 251 
alternative approach, we adopted a binary resampling technique at a commonly used coarse 252 
resolution of 100 km (Ceballos et al. 2005). We also verified the sensitivity of our trade-off curves 253 
to the use of a different formulation of the species representation target, by applying fixed targets of 254 
20% to all species (Di Marco et al. 2016), at a commonly used intermediate resolution of 30 km2 255 
(Venter et al. 2014).  Finally, we verified whether our trade-off curves showed a consistent pattern 256 
when using agricultural opportunity cost (Naidoo & Iwamura 2007), rather than total land area, as a 257 
cost layer for the spatial prioritization. 258 
 259 
 260 
Results 261 
We found that 165 out of 1,115 threatened terrestrial mammals have a geographic range already 262 
adequately covered with PAs, i.e. their proportional representation targets are already achieved, 263 
while 247 species have an extent of suitable habitat already adequately covered with PAs. When 264 
plotting the relationship between protected area expansion and increased species coverage, we 265 
found similar non-linear shapes under all the scenarios and for each analytical resolution (Fig. 2). 266 
These curves showed that a high level of species coverage is achievable with a small efficient 267 
expansion of the protected area network, in contrast to the small linear increase in coverage that 268 
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would be expected under a null model of PA expansion (Fig. S1). We found that the realized level 269 
of coverage from new PAs, measured using habitat suitability models, was lower than the perceived 270 
level of coverage (Fig. 2). This difference was evident when >30% of the total PA expansion was 271 
reached, and increased with increasing PA expansion, until the complete perceived coverage was 272 
achieved. For example, at a resolution of 10 km the difference between perceived and realized 273 
coverage corresponded to 14 species with a PA expansion of 1.3 million km2 and 28 species with an 274 
expansion of 3.1 million km2. 275 
 The gap between perceived and realized coverage introduces a level of uncertainty regarding 276 
which and how many species will be adequately covered when planning new PAs using range 277 
maps. The suitable level of coverage, obtained using habitat suitability models, was always higher 278 
than the perceived and realized levels for a similar cost. This highlights the fact that suitable habitat 279 
is not randomly distributed within the species ranges, and selecting a few highly suitable planning 280 
units would allow a rapid achievement of the species targets. This also indicates that planning new 281 
PAs using species range maps results in a coverage which is lower than expected, and lower than 282 
possible if using refined information on where species are most likely located. 283 
 There were some benefits though to employing coarser analytical resolutions, which tended 284 
to lead to a slightly reduced level of uncertainty in the use of range distribution data. This reduced 285 
uncertainty was represented by a higher level of correspondence between the perceived and the 286 
realized levels of coverage (Fig. 2). In fact, expanding the global PAs network by 3.1 million km2 at 287 
a 10 km analytical resolution resulted in a perceived level of coverage of 1,115 species (i.e. all 288 
species targets were met), and a realized level of coverage of 1,087 species (difference = 28 289 
species). When applying the same extent of PA expansion (i.e. 3.1 M km2) under a 200 km 290 
resolution, the difference in coverage between these two scenarios was reduced to 7 species 291 
(perceived = 942 species, realized = 935 species). 292 
 Importantly, the use of coarser analytical resolutions resulted in a substantial increase in the 293 
area required to meet species targets. When analyses were performed at a 10 km resolution under 294 
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the perceived coverage scenario (i.e. based on range maps), we found that 3.1 million km2 of 295 
additional PAs were required to achieve an adequate coverage for all species. In contrast, when a 296 
200 km resolution was employed, we found that a four-fold increase in the additional reserve area 297 
(12.1 million km2) was required to achieve an adequate coverage for all species. We found a non-298 
linear relationship between the use of a coarser analytical resolution and the total area required to 299 
achieve the desired level of species coverage, both under the perceived coverage scenario and the 300 
suitable coverage scenario (Fig. 3). The difference between these two scenarios was larger at a 301 
resolution of 10 km and smaller at coarser resolutions, while the increase in the total area required 302 
was higher for resolutions coarser than 30 km. 303 
 We mapped the spatial priorities for PA expansion required to achieve complete species 304 
coverage under the perceived (i.e. range based) and suitable (i.e. habitat based) scenarios (Fig. 4, 305 
see also Fig.s S2-S4). Spatial priorities determined a partial overlap between the scenarios, 306 
identifying three cases: areas selected only under the perceived scenario, areas selected only under 307 
the suitable scenario, areas selected under both scenarios (i.e. shared solution). A relationship was 308 
observed between coarser analytical resolution and increased amount of shared solution. In 309 
particular, analyses performed at a resolution of 200 km resulted in proportionally twice as much 310 
protected area being shared between the perceived and suitable scenario with respect to analyses 311 
performed at a 10 km resolution. This means that analyses done at a coarser resolution were less 312 
likely to produce spatial mismatch when using different types of distribution data (range maps or 313 
habitat models). 314 
 When reclassifying distribution data as binary presence/absence values, we observed a large 315 
difference (an overestimation) in the measure of perceived species coverage. In fact, a much higher 316 
level of perceived species coverage was found when using presence/absence data rather than 317 
proportional distribution data, for the same increment of PAs (Fig. S5). This is due to the 318 
consideration of cells as being entirely occupied by a species, when at least a significant portion 319 
was occupied. This means that, under a naive resampling technique, many species might be 320 
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perceived to be adequately covered with PAs when they are actually not. When employing a fixed 321 
target formulation (20% for all species) for identifying priorities for PAs expansion, we did not find 322 
a significant change in the shape of the area-coverage relationships or in the respective position of 323 
the scenarios in the plot (Fig. 5). The only noticeable difference with respect to the use of 324 
proportional targets scaled with range size was that in this case the scenarios achieved near-325 
complete levels of coverage much more rapidly. For example, coverage of 1,039 species was 326 
achieved with a PAs expansion of 715 thousand km2 under the fixed target formulation, while only 327 
943 species were covered with a PAs expansion of 822 thousand km2 under a scaled target 328 
formulation. However the achievement of complete coverage (i.e. all 1,115 targets met) required a 329 
larger area under the fixed target formulation (5.8 million km2) than under the scaled target 330 
formulation (3.3 million km2). Finally, we did not find substantial differences in the trade-off curves 331 
when using agricultural opportunity cost (instead of spatial extent) as a surrogate of PA expansion 332 
cost (Fig. S6). 333 
 334 
 335 
Discussion 336 
In this study we systematically investigated the shortfalls and proposed approaches for use of 337 
species range maps with commission errors. Our results illustrate a clear relationship between 338 
analytical resolution, data type, uncertainty in measuring PA coverage, and cost-effectiveness of a 339 
spatial prioritization plan. We found that using species range maps at coarse vs fine analytical 340 
resolutions has important conservation implications and trade-offs. At finer analytical resolutions, 341 
the spatial prioritization was very efficient in identifying the most strategic areas for PA expansion, 342 
and required less total area to meet all species representation targets. However, we also discovered 343 
that this increased efficiency was associated with slightly higher uncertainty in the use of range 344 
maps, resulting in a perceived level of coverage higher than the realized level of coverage (as 345 
measured on suitable habitat). At coarser analytical resolutions, up to four times more area had to be 346 
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selected to achieve complete species coverage, but the uncertainty associated to the use of species 347 
range maps was reduced. This has significant ramifications for planners using range maps for 348 
conservation applications: although a coarser resolution reduces the uncertainty deriving from 349 
commission errors, it also leads to a much larger area being selected to achieve the same level of 350 
protected area coverage for species. Moreover, this does not necessarily imply that a much larger 351 
suitable area is selected. 352 
 The identification of spatial priorities for PAs expansion resulted in partially different areas 353 
being selected when using geographic range maps or habitat suitability models. Importantly, the 354 
mismatch in these spatial configurations was higher at finer resolutions and lower at coarser 355 
resolutions. This means that the spatial uncertainty associated with the use of geographic range 356 
maps is generally more evident at a local scale, while there is less uncertainty in the identification of 357 
larger regions at a broader scale. However, because conservation actions are typically implemented 358 
at a local scale (Boyd et al. 2008), the concordance of priority patterns at a very coarse resolution is 359 
likely to have little practical advantages.  360 
Similar to previous studies (Venter et al. 2014), we found a non-linear relationship between 361 
incremental PAs coverage and incremental coverage of species distribution (i.e. a curve). In this 362 
relationship, high levels of species coverage are rapidly achieved when a relatively small amount of 363 
strategically located PAs is added to the network. However, to achieve complete coverage (i.e. all 364 
species adequately covered with PAs), a relatively large area is required. We found very similar 365 
curves when employing fixed representation targets or scaled representation targets, and when 366 
adopting land area or agricultural value as surrogate of PA costs. This indicates that our results were 367 
robust to the perturbations to the planning problem (i.e. different definitions of targets and costs). 368 
Under fixed, rather than scaled, targets, the species rapidly reached a near-complete coverage and 369 
then slowly progressed to complete coverage. This is related to the fact that the vast majority of 370 
species (80%) were associated to a scaled target larger than the adopted fixed target (20%). As a 371 
consequence, the spatial selection algorithm required less area to achieve the fixed target of these 372 
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species. However, the remaining species had a scaled target lower than the fixed target (down to 373 
half of it). Achieving a 20% fixed representation target for these widespread species was spatially 374 
demanding, consequently almost twice as much area was necessary in the end to achieve complete 375 
coverage under the fixed target formulation. 376 
 Preventing the decline and extinction of threatened species is a priority goal for conservation 377 
interventions (Venter et al. 2014) and an explicit target of international biodiversity conventions 378 
(Secretariat of the CBD 2010). Terrestrial mammals represent one of the best studied animal groups 379 
and a perfect case for our analyses, since comprehensive distribution ranges (IUCN 2015) and 380 
habitat suitability models (Rondinini et al. 2011) are available for these species. This allowed us to 381 
identify trade-offs in the use of distribution maps at different analytical resolutions which can be 382 
applied to groups with less information available. The use of habitat suitability models allowed us 383 
to remove a substantial part (45% on average; (Rondinini et al. 2011)) of the unsuitable habitat 384 
found within the geographic range of mammal species. This unsuitable habitat is likely associated 385 
to the perception of false presence (commission error). We acknowledge that habitat suitability 386 
maps are model outputs and thus are also prone to some level of commission error, in case the 387 
species are not present in suitable habitat (Brooks, da Fonseca & Rodrigues 2004). However this is 388 
issue is much less prominent in habitat models than in range maps, as demonstrated through 389 
independent validation (Rondinini et al. 2011; Maiorano et al. 2013). Ultimately, the usefulness of 390 
high-resolution models depends on the quality of data used to build them (Rondinini et al. 2006), 391 
and that collection of new data on distribution and habitat will improve the quality of these maps 392 
and their efficiency for conservation. 393 
 In our paper we did not deal with omission errors (false absences), which may be caused by 394 
a species occupying areas outside its mapped geographical range. This is acceptable for mammal 395 
species, for which commission errors are the main issue. For groups characterized by a more limited 396 
knowledge of their distribution, such as amphibians, the level of omission error can be more 397 
substantial (Ficetola et al. 2014). In this case, an additional trade-off element will be present in the 398 
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choice of an appropriate analytical resolution, and it may be necessary to extend species range maps 399 
by a certain buffer around known locations, to avoid overlooking areas of potential species presence 400 
(Ficetola et al. 2014). Previous analyses showed that the use of habitat suitability models can 401 
introduce omission errors within a species’ range (Beresford et al. 2011), if species occupy habitats 402 
classified as unsuitable. While commission error can lead to a false sense of species coverage with 403 
protected areas, omission errors can reduced the options available for additional protection. 404 
However, it has been argued that the former have much higher associated risk than the latter for 405 
protected area planning (Rondinini et al. 2006), potentially driving conservation investments toward 406 
areas where species are not actually present. The use of species distribution models, rather than 407 
expert-based habitat suitability models, can allow controlling the balance between commission and 408 
omission errors, by selecting thresholds to define suitable vs unsuitable habitat (Guisan et al. 2013). 409 
However these models are more data demanding and are typically available only for a subset of 410 
species, rather than entire species groups. 411 
 Errors in spatial datasets (e.g. distributions of species, habitats or protected areas) need 412 
careful consideration, as these can lead to misleading assessments of conservation progresses 413 
(Visconti et al. 2013). It has been suggested that species range maps should be analyzed at a coarse 414 
resolution (e.g. 2°, ~ 200 km) when investigating macroecological patterns (Hurlbert & Jetz 2007), 415 
in order to avoid misleading results due to the overestimation of actual species occupancy. Our 416 
results demonstrates that a coarser analytical resolution would also lead to reduced uncertainty in 417 
conservation analyses, both in terms of reduced overestimation in species PA coverage and in terms 418 
of reduced mismatch between spatial priorities identified using range or habitat models. However, 419 
we also found that performing analyses at a coarse resolution is highly inefficient when the 420 
objective is to identify spatial priorities for PA expansion. Achieving the desired level of species 421 
coverage at a resolution of 200 km required a PA expansion of 12.1 million km2, four times more 422 
than when using a 10 km resolution. This would lead to unnecessarily high expenditure in PA 423 
expansion and could present a serious barrier to conservation efforts, since that figure is six times 424 
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larger than what world governments have currently committed to in terms of terrestrial PAs 425 
coverage (Secretariat of the CBD 2010; Juffe-Bignoli et al. 2014). 426 
 For regional- and global- scale conservation analysis of well-studied groups, such as 427 
mammals, we suggest that employing a relatively high analytical resolution (such as 10 km) and 428 
using refined distribution models is the most appropriate choice (Kark et al. 2009; Wilson et al. 429 
2011). For less well-studied groups habitat suitability models might not be comprehensively 430 
available and in this case coarser resolutions, 20 or 30 km, in combination with range maps should 431 
be employed (Montesino Pouzols et al. 2014; Venter et al. 2014; Butchart et al. 2015); these 432 
resolutions represent a good compromise to reduce the effect of commission errors with only little 433 
increase in the total protected area selected. We recommend that conservation analyses are not 434 
performed at very coarse resolutions (e.g. 100 km or more), as these are likely to produce highly 435 
cost-inefficient spatial plans. Conservation is an applied discipline and scientists are increasingly 436 
seeking for cost-efficient PAs plans (Carwardine et al. 2008a; Venter et al. 2014). Hence, keeping 437 
costs substantially low is more important than having a partial reduction in the uncertainty deriving 438 
from commission errors. 439 
 440 
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Tables 578 
 579 
Table 1 Scenarios of species coverage, obtained by the use of geographic ranges or suitable 580 
habitat models for spatial prioritization and for measuring species coverage (i.e. achievement 581 
of species’ targets). 582 
 583 
 584 
 585 
 586 
 587 
 588 
 589 
 measuring coverage: range 
measuring coverage: 
suitable habitat 
spatial planning: range perceived coverage realized coverage 
spatial planning: suitable 
habitat N/A suitable coverage 
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Figure legends 590 
 591 
Fig 1 Spatial distribution of the fossa (Cryptoprocta ferox), a threatened Madagascan 592 
mammal. Panel (a) shows the global location of the species range. Panels (b-g) show the 593 
proportion of species geographic range within grid cells at various resolutions (from 10 km to 594 
200 km). Panel (h) shows a binary reclassification (presence/absence) of the species range at a 595 
100 km resolution; in this case a cell was considered to be entirely occupied if ≥ 5% of its 596 
area overlapped with the species range, and entirely unoccupied otherwise. The color scale is 597 
the same for all panels. 598 
 599 
Fig 2 Trade-off between total area prioritized for protection and aggregate level of species 600 
coverage (i.e. sum of species targets achieved). The trade-off curves represent the three 601 
scenarios (perceived, realized and suitable) described in Table 1. Data in plots (a)-(f) refers to 602 
different analytical resolutions, as specified in the plot. That the x-axes in different panels 603 
have different scales, the dashed vertical line represents the minimum area required to achieve 604 
maximal coverage at a 10 km resolution (reported in all panels for reference).  605 
 606 
Fig 3 Relationship between the analytical resolution employed and the total protected area 607 
required to achieve the desired level of species coverage. Both the perceived coverage 608 
scenario, based on species ranges, and the suitable coverage scenario, based on habitat 609 
suitability models, are represented. 610 
 611 
Fig 4 Spatial solutions to achieve species representation targets under the perceived and 612 
suitable scenarios. Under both scenarios, the solution able to achieve complete species 613 
coverage with a minimum area was selected. Some of the grid cells are selected only under 614 
the perceived scenario or the suitable scenario, others are selected in both scenarios and thus 615 
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part of a ‘shared’ solution. The numbers reported on the bottom left of each panel refer to the 616 
percentage area of the perceived scenario which was also selected under the suitable scenario 617 
(i.e. the shared solution). Panels refer to results obtained under the following analytical 618 
resolutions: a) 10 km; b) 50 km; c) 200 km. An inset map, with details of the Southeast Asian 619 
region, is reported on the bottom right of each panel for visual reference. A larger version of 620 
the maps is reported in Figs S2-S4. 621 
 622 
Fig 5 Trade-off between total area prioritized for protection and aggregate level of species 623 
coverage (i.e. sum of species targets achieved) when employing different target formulations. 624 
The trade-off curves represent the three scenarios (perceived, realized and suitable) described 625 
in Table 1. Data in different plots refers to spatial priorities obtained under different target 626 
formulations: a) proportional representation targets scaled to species range size; b) fixed 627 
(20%) proportional representation targets applied to all species. Analyses were performed at a 628 
resolution of 30 km. 629 
 630 
30 
 
 
631 
31 
 
 
632 
32 
 
 
633 
33 
 
 
634 
34 
 
 
 635 
35 
 
 
Supporting Information 636 
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 638 
Fig S1 Trade-off between total area prioritized for protection and aggregate level of species 639 
coverage under the three scenarios (perceived, realized and suitable) described in Table 1 and a 640 
'random coverage' scenario. 641 
 642 
Fig S2 Spatial solutions to achieve species representation targets under the perceived and suitable 643 
scenarios at a resolution of 10km. 644 
 645 
Fig S3 Spatial solutions to achieve species representation targets under the perceived and suitable 646 
scenarios at a resolution of 50km. 647 
 648 
Fig S4 Spatial solutions to achieve species representation targets under the perceived and suitable 649 
scenarios at a resolution of 200km. 650 
 651 
Fig S5 Performance of two planning scenarios in which the species distribution data were degraded 652 
to logic binary values of presence and absence. 653 
 654 
Fig S6 Trade-off between ‘costs’ of protected area (PA) expansion and aggregate level of species 655 
coverage (i.e. sum of species targets achieved) when employing different cost formulations. 656 
 657 
 658 
